We report an adhesive bonding approach using hydrogen silsesquioxane (HSQ) for silicon carbide (SiC) samples. A hybrid light-emitting diode (LED) was successfully fabricated through bonding a near-ultraviolet (NUV) LED grown on a commercial 4H-SiC substrate to a free-standing boron-nitrogen co-doped fluorescent-SiC epi-layer. The bonding quality and the electrical performance of the hybrid LED device were characterized. Neither voids nor defects were observed which indicates a good bonding quality of the proposed HSQ approach. A strong warm white emission was successfully obtained from the hybrid LED through an electric current injection of 30 mA.
Introduction
Silicon carbide (SiC) has become a popular industrial material in the last decades and has been extensively employed in various applications including waveguides, biosensors and light-emitting diodes (LEDs) thanks to its excellent optical, thermal and electrical properties [1] [2] [3] . Particularly, in recent years, there has been increased attention to SiC as a luminescent material in the application of white LEDs. Generally, the most common commercial white LED is made by combining a GaNbased blue LED chip with a coating of yellow phosphors such as ceriumdoped yttrium aluminum garnets which contains rare-earth elements [4, 5] . However, the utility of this type of white LED is limited by the degraded phosphor performance and the decreased abundance of rareearth elements. A promising alternative way to fabricate white LEDs combining a near-ultraviolet (NUV) LED with a donor and acceptor codoped SiC substrate has been proposed [5] . This white LED does not contain any rare-earth element. Two adjacent fluorescent-SiC (f-SiC) epi-layers, one doped by nitrogen (N) and boron (B) and the other one doped by N and aluminum (Al), are employed as the wavelength-conversion materials while the NUV LED is used as the excitation source to the f-SiC epi-layers [5] [6] [7] [8] .
One fabrication approach to realize this f-SiC based white LED is to combine the NUV LED and the f-SiC epi-layers through adhesive bonding employing an intermediate adhesive layer. Its advantages include low bonding temperatures, insensitivity to surface topography, resilience to stress and mechanical vibrations and uniform load distribution over a wide area, which makes itself extremely attractive in applications such as three-dimensional integrated circuits, advanced packaging, microfluidics and fiber-optic assemblies [9] [10] [11] [12] [13] [14] . In comparison, for fusion bonding techniques, two opposing surfaces are required to be in sufficiently close contact in order to form covalent-or van der Waals bonds, which are the most important bonding mechanisms to take place. Generally, the distance between atoms from the two surfaces to be bonded should be less than 0.5 nm, which makes it difficult to fusion bond surfaces with a large roughness [9] . In this case, flowable adhesives can be applied in between the surfaces to pave the roughness hence bring the atoms of adjacent surfaces into sufficient vicinity to generate the van der Waals bond, which is the basic mechanism in adhesive bonding [9] [10] [11] . Although the adhesive bonding is easy to operate and less critical on surface roughness, high transparency of the adhesive bonding material in the NUV range is indispensable to maximize the excitation NUV light propagating to the f-SiC epi-layers.
Hydrogen silsesquioxane (HSQ), which belongs to the inorganic compounds, is commercially available in methyl isobutyl ketone (MIBK) as Fox (flowable oxide). It is widely used in micro-and nanoengineering applications, e.g., as a high-resolution negative electron beam resist [15] , as molding material in nanoimprint lithography [16] or as mask in dry etching processes [17] . Furthermore, it is also employed as an intermediate material in bonding processes. Successful cases have been carried out for materials including silicon, GaN and AlGaN [18] [19] [20] [21] [22] [23] . Compared to the reported transmittance of the widely used BCB or SU-8 in adhesive bonding, HSQ shows more advantageous in the NUV range with higher and more uniform transmittance [24] [25] [26] [27] . Therefore, adhesive bonding by HSQ is a promising candidate for the fabrication approach of f-SiC based white LEDs.
According to the best of our knowledge, no research results have been reported on the application of the HSQ adhesive bonding in SiCrelated processes. In this work, an HSQ method for bonding a NUV LED to a free-standing f-SiC epi-layer is presented. After a successful bonding process, a hybrid LED is obtained. The bonding quality and the electrical properties of the hybrid LED are characterized and analyzed to prove that HSQ bonding can be applied in future fabrication of f-SiC based white LEDs.
Experimental details

Growth of the NUV LED and the free-standing f-SiC epi-layer
The GaN-based NUV LED epi-layers were grown on a (0001) 2 in. 4H-SiC substrate by metal-organic chemical vapor deposition (MOCVD) (Cruis I, Aixtron, Germany). The grown LED epi-layer consists of a 3.6 µm thick AlGaN (5% Al) buffer layer, a 2 µm thick Si-doped nAlGaN (7% Al) layer, nine periods of InGaN (3% In)/AlGaN (5% Al) MQWs, and finally a 85 nm thick Mg-doped p-AlGaN (2%) layer and a 32 nm thick Mg-doped p-GaN layer. The free-standing 200 µm B-N codoped 6H-SiC (f-SiC) epi-layer was grown on a 6H-SiC (0001) substrate with 1.4°off-axis by a fast sublimation growth process [6, 7] . After growth, the 6H-SiC substrate was polished away. The roughness (arithmetic mean height) measured by vertical scanning interferometry (VSI) of a PLU NEOX 3D Optical Profiler (Sensofar, Terrassa, Spain) is around 100 nm for the backside (the polished side to be bonded) of the free-standing f-SiC epi-layer while it is around 10 nm for the 4H-SiC substrate of the NUV LED.
HSQ bonding of the NUV LED and the free-standing f-SiC epi-layer
The bonding process of the NUV LED and the f-SiC epi-layer is shown in Fig. 1 . Both samples were cleaned by immersion in acetone for 10 min. Next, HSQ (XR-1541, Dow Corning Corporation) layers with a thickness of around 230 nm were spun on both the 4H-SiC substrate of the NUV LED and the polished backside of the free-standing f-SiC epilayer. Then, the samples were placed on hotplates for baking at 150 ℃ for 1 min followed by another baking at 200 ℃ for 1 min to drive out the solvent. Afterwards, the NUV LED and the f-SiC epi-layer were placed on a holder with the surfaces covered by the HSQ layers in contact.
During the bonding in a Süss SB6 wafer bonder, firstly, vacuum pumping was carried out after the sample surfaces were in contact. Thereafter, the temperature was heated up to 400 ℃ under vacuum (10 −4 mbar) with a ramping rate of 15 ℃/min. Then, at 400 ℃, a force was applied to the samples by a piston for 1 h. The effective bonding pressure acting on the bond interface was around 250 N/cm 2 . In the end, the sample was cooled down with a ramping rate of 10 ℃/min. After successful bonding, a diamond pen was used to expose the nAlGaN layer of the NUV epi-wafers and indium spheres were added to the p-type and n-type surfaces, respectively, for electric current injection.
Characterization
The transmittance of the HSQ layer was measured by a 6 in. integrating sphere system (Gooch & Housego, Ilminster, UK) assisted with a Xenon lamp and a CAS 140 B optical spectrometer (Instrument Systems, Munich, Germany). The measurement was carried out on a test sample where HSQ was spun on top of a pure sapphire substrate. The cross section of the bonded SiC samples with the HSQ interlayer was inspected by a Supra 40 VP scanning electron microscope (SEM) (Zeiss, Oberkochen, Germany) at 5 kV. The emission from the f-SiC side was collected by a large-core optical fiber coupled to the CAS 140 B optical spectrometer. The electric current injection to the NUV LED was carried out by a Model 2450 Interactive SourceMeter instrument system (Keithley, Solon, Ohio, USA). Fig. 2(a) shows the transmittance spectrum of a 230 nm HSQ layer after normalization of the 86% transmittance of the sapphire substrate. Unlike the sharp transmittance drop of SU-8 in NUV region [26] , the transmittance of HSQ appears quite uniform in the measured wavelength range from 370 to 420 nm. At 390 nm, which is the peak wavelength of the employed NUV LED, the transmittance is 98% for the 230 nm HSQ layer. Then the transmittance of a 460 nm HSQ layer on sapphire can be estimated to be around 96% resulting from 98% × 98%. The 96% transmittance at 390 nm is comparable to the HSQ transmittance shown in Ref. [25] . It confirms the possibility of using HSQ as the adhesive bonding material in the NUV LED-related application due to its high transparency. Fig. 2(b) shows the cross-section of the cleaved interface between the NUV LED and the f-SiC epi-layer inspected by SEM. As shown in the figure, two layers of 230 nm HSQ, which results in a total thickness of 460 nm, are in contact with the upper f-SiC epi-layer and the lower 4H-SiC substrate of the NUV LED. The HSQ and the SiC surfaces are intimately combined without delamination, which suggests a good adhesion of the 460 nm HSQ interlayer to both the 4H-SiC surface and the surface of the free-standing f-SiC epi-layer. No voids and defects at the HSQ/SiC or HSQ/HSQ interfaces were observed indicating good bonding quality by the HSQ approach. Fig. 3(a) shows a photograph of the hybrid LED fabricated by HSQ bonding, i.e., with the HSQ intermediate layer embedded in it. In the figure, the indium spheres were added to the NUV LED upper surface as metal contacts for electric current injection and the free-standing f-SiC epi-layer is beneath the NUV LED chip. No voids and defects were observed by shining white light through the hybrid LED demonstrating again the good bonding quality by HSQ. Letters in the background Fig. 1 . Schematic illustration of the bonding process of a NUV LED to a free-standing B-N co-doped f-SiC epi-layer assisted with HSQ layers spun on both SiC surfaces.
Results and discussion
indicate the white light transparency of the hybrid LED which confirms the feasibility of using white light to visualize the defects. Fig. 3(b) shows a schematic illustration of the hybrid LED fabricated by bonding after exposing the n-AlGaN of the NUV LED on the top by a diamond pen. Then, electric current can be injected by pressing probes against the indium spheres added on the surfaces. Here, indium spheres are applied on the sample as contacts since this is an efficient way to test the feasibility of this HSQ bonding approach in hybrid SiC based LED fabrication. In the future, a standard hybrid LED device can be fabricated on the bonded sample through formations of mesas, current spreading layers and metal pads.
The EL emission was successfully obtained for the hybrid LED as shown in Fig. 4 . Fig. 4(a) shows a photograph with electric current injection under natural ambient illumination, which was taken from the backside of the hybrid LED (the f-SiC epi-layer side). The hybrid LED was placed on a transparent glass slide in contact with the f-SiC epilayer while the NUV LED on the top was connected to the probes. Indium spheres added on the top of the hybrid LED can be observed through the bonded NUV LED and f-SiC epi-layer. One probe was connected to the indium sphere on the n-type surface while the other one was connected to the indium sphere on the p-type surface. An electric current injected into the hybrid LED at 30 mA produced NUV emission which excited B-N co-doped f-SiC epi-layer. Finally, a warm white emission, which can be seen in the photograph of Fig. 4(a) , was obtained. Fig. 4(b) shows the EL spectra of the solely NUV LED before bonding (the upper curve) and the hybrid LED after bonding (the bottom curve) measured from the backside at 30 mA (the f-SiC epi-layer side for the hybrid LED). The NUV LED before bonding presents a peak wavelength around 390 nm. After bonding, the emission of the f-SiC epi-layer by the excitation of the NUV photons can be clearly observed for the hybrid LED showing a peak emission wavelength around 550 nm, which is consistent with the expectation [5, 7] .
Besides, as shown in Fig. 4 (b), in comparison with the 390 nm peak wavelength of the NUV LED before bonding, the NUV peak wavelength shifts to around 405 nm after passing through hybrid LED. This can be explained by the inter-band absorption of the 6H-SiC, which absorbs photons possessing wavelengths shorter than around 408 nm [28, 29] . Hence, the long-wavelength photons (blue photons) can pass through the B-N co-doped 6H-SiC epi-layer leading to red-shift of the peak wavelength in the EL of the hybrid LED. In the end, the blue photons combined with the 550 nm-centered emission from the f-SiC epi-layer result in a warm white light as observed in Fig. 4(a) .
Furthermore, the performance of the hybrid LED can be further optimized. The 400 µm thick 4H-SiC substrate has a strong absorption in a wavelength range up to 387 nm according to its 3.2 eV optical bandgap. The NUV light generated by LED epi-layers on top has an emission wavelength of 390 nm, which will be partially absorbed by the 4H-SiC substrate. By employment of a thinner or more transparent SiC substrate and a NUV LED with longer emission wavelength, a hybrid LED with stronger EL intensity can be expected.
Conclusions
In summary, an adhesive bonding approach using HSQ was employed to successfully bond a NUV LED grown on a 4H-SiC substrate to a free-standing B-N co-doped f-SiC epi-layer. No voids were observed at the HSQ/SiC or HSQ/HSQ interfaces indicating a good bonding quality by this method. Strong EL emission of the hybrid LED was obtained by electric current injection at 30 mA. The NUV emission centered at 390 nm from the NUV LED on the top excites the bottom f-SiC epi-layer to generate emission centered at the wavelength of 550 nm finally presenting a warm white emission. In the future, the white light quality can be improved by employing an extra Al-N co-doped blue-emitting f- SiC epi-layer. From this it can be concluded that, HSQ bonding could be an effective approach in the SiC-based LED applications including the future fabrication of white LEDs based on B-N and Al-N co-doped f-SiC epi-layers. 
